Extraction of Cu þ2 from dilute aqueous solutions as a case study by liquid cation exchanger in a modified rotating disc extractor was studied. The liquid cation exchanger consisted of naphthenic acid dissolved in an inert carrier kerosene. Variables studied were: initial concentration of Cu þ2 , disc rotational speed, concentration of naphthenic acid, flow rates of continuous and dispersed phase, degree of roughness, and number of rotating discs. The rate of extraction increased with increasing rotational speed, concentration of naphthenic acid, flow rate of dispersed phase, degree of roughness and number of discs to a certain number, while increasing Cu þ2 concentration and flow rate of continuous phase decreased the rate of extraction. All variables were correlated by the dimensionless mass transfer equation. A Mass transfer area, (cm 2 ) C Concentration of Cu þ2 at time t, (mol/cm 3) C e Equilibrium concentration of Cu þ2 , (mol/cm 3 ) Co Initial concentration of Cu þþ , (mol/cm 3 ) D Diffusivity of Cu þ2 , (cm 2 /s) dp Diameter of pipe, (cm) d T Column diameter, (cm) d R Rotor disc diameter, (cm) K Mass transfer coefficient, (cm/sec) k 0 Volumetric mass transfer, (cm 3 /sec) L Height of the extractor, (cm) P Power consumption, (Watt) S Degree of roughness, (mm) t Time, (s) V c Continuous phase velocity, (cm/s) V d Dispersed phase velocity, (cm/s)
The presence of heavy metals in wastewater is considered to be a concern for living organisms and the environment.
Copper is one of these metals that presents in several industrial applications such as catalyst manufacturing, metal plating, electronic applications, hydrometallurgy and mining processes, fertilizers industry, and petroleum refining (Barakat ; Fu & Wang ) . A great deal of work has been carried out on industrial waste streams with two objectives in mind: (i) to recover heavy metals and conserving them and (ii) to free waste streams from toxic metal ions. Various techniques can be used to remove copper ions from aqueous solution as adsorption on activated carbon (Li et al. ) chemical precipitation (Feng et Apparatus Figure 1 shows the experimental apparatus used to conduct the experiments. The apparatus consists of a cylindrical stainless steel column, two glass storage tanks, and rotating horizontal rough discs. The cylindrical column has an inner diameter of 15 cm, height of 50 cm, and 2 mm wall thickness. The column contents were agitated by means of a multirotating rough disc system connected to a stainless steel shaft and driven by a 0.33 hp digital motor. The column height was 
Procedure
Before operation was started, the column was first filled with CuSO 4 solution (the heavy phase) and set at the desired flow rate, and then the speed of the rotor shaft was adjusted to the desired value, which ranged from 100 to 500 rpm. 
RESULTS AND DISCUSSION
Mass transfer at rotating disc contactor Extraction of copper from CuSO 4 by using naphthenic acid was expressed in terms of the volumetric mass transfer (kA).
The volumetric mass transfer coefficient (kA) coefficient was obtained under different operating conditions (as listed in Table 1 ) using the equation:
which integrates to:
Figure 2 | Grooved disc with different degree of roughness. Calculated from the slope of the straight line obtained by plotting ln ((C o -C e )/(C-C e )) vs. t. Figure 3 shows that the present data fit Equation (2)' well under various conditions. Figure 4 shows the effect of disc rotation speed on the volumetric mass transfer coefficient at various operating conditions. Figure 4 shows that the volumetric mass transfer coefficient increases with increasing rotation speed of the discs, the data fit the equation:
Effect of operating variables
where b is constant, according to Figure 4 (a)-4(e)), ranging from 0.32 to 0.38. The increase in the volumetric mass transfer coefficient with increasing rotational speed of the discs may be attributed to the increase in the degree of turbulence generated by the rotating discs. This turbulence enhances the rate of mass transfer between the organic phase and the aqueous phase via the following effects:
(i) Turbulence reduces the thickness (δ) of both the organic phase and aqueous phase diffusion layers around the drop with a consequent increase in mass transfer
(ii) The high shear stress arising from turbulence leads to rapid breakup and coalescence of the dispersed phase drops, the repeated coalescence and re-dispersion of drops enhances the rate of mass transfer through surface renewal (Glasser et al. ) .
Effect of concentration of copper sulphate (ii) Entrainment of the continuous phase by dispersed phase droplets and formation of eddies below the stator ring. Consequently, axial mixing coefficient in the continuous phase will increase. As a result of axial mixing, a reduction in the concentration driving force for the interphase mass transfer will occur (Murugesan & Regupathi ).
Effect of dispersed phase flow rate
Figure 4(c) shows that the volumetric mass transfer coefficient increases by increasing the dispersed phase flow rate, which may be attributed to the turbulence generated Effect of number of discs The increase in the % extraction with increasing number of discs may be attributed to the turbulence promoting ability of the discs compared to one rotating disc. A further increase in the number of rotating discs decreased the separating distance between discs and decreases the % extraction. Based on the flow pattern of two parallel rotating discs ( Figure 6 ) each disc is trying to withdraw the solution located between the two discs to its surface, i.e. the solution in between the two discs is subjected to two opposing forces which decreases the axial and radial flow velocity at the lower surface of the upper disc and the upper surface of the lower disc. As a result, the rate of mass transfer decreases at each disc. On the other hand, with increasing the distance between the two discs the negative interaction between the two flow 
Data correlation
For the present data, dimensional analysis leads to the correlation (Shahalam et al. ) :
The volumetric mass transfer coefficient kA was used in obtaining the present correlation and Sh m is the modified
The constants a, α, β, τ, γ and φ were determined using the present experimental data. The value of α was fixed at To obtain the value of the constant (a) in Equation (5) 
with an average deviation of 4.8%.
Power consumption
In order to assist in the economic evaluation of the performance of the present work, mechanical power consumed in rotating discs was measured experimentally under different conditions by means of a watt meter. Table 2 shows the following results:
1. power consumption increases with increases disc rotational speed;
2. power consumption increases with degree of roughness.
The results of power consumption and mass transfer coefficient at a rotating disc are, in general, consistent with the finding of Calderbank & Moo-Young () who found that mass transfer coefficient is proportional to power consumption.
CONCLUSIONS
A new extractor design consisting of multirotating rough discs with different degrees of roughness has been suggested. The mass transfer performance of the extractor in removing heavy metals from aqueous solutions was investigated. The study showed that within 10 minutes of operation the extraction ranged from 50 to 98%, depending on the number of rotating discs, rotation speed, and the disc roughness. The mechanical power consumed in rotating the discs ranged from 153 to 362.1 W depending on the rotation speed and degree of roughness. All operating parameters affecting the volumetric mass transfer coefficient were correlated in the form of a dimensionless equation which can be used in the design and operation of such an extractor. Future studies are needed to confirm the advantages of the present extractor and to validate its mass transfer behavior under a wider range of operating conditions such as using different solvent extraction system and different heavy metals. 
